The number of globin genes in human cells was determined by hybridizing DNA from human spleens to 3H-labeled DNA complementary to human globin mRNA. Assuming the rates of reannealing of complementary DNA and cellular DNA are similar, the extent of hybridization of complementary DNA at various ratios of cellular DNA to complementary DNA indicate that there are fewer than 10 globin gene copies per haploid human genome. An alternative analysis of the data, which introduces no assumptions concerning the relative rates of reaction of complementary DNA and cellular DNA, indicates fewer than 20 globin gene copies are present. DNA isolated from the spleen of a patient with ( + thalassemia contained a number of globin gene copies similar to that of normal DNA.
The mechanisms regulating human hemoglobin synthesis at the gene level are poorly understood. Since both transcriptional and translational controls may be involved, it is of importance to determine the number of globin genes in man. The availability of highly radioactive DNA (cDNA) complementary to globin mRNA (1-3) provides a useful tool for this purpose. Recent reports of the use of mouse liver and duck reticulocytes indicate that there are fewer than 10 copies of the globin sequences present per haploid genome (4) (5) (6) . In addition, the number of globin genes present in duck reticulocytes and liver cells has been found to be similar (4) . The experiments reported here were undertaken to measure the number of globin genes present in human genomes, and to compare the number of genes in the cells of patients with B+ thalassemia and without thalassemia. Human cDNA was used to probe DNA from human spleens for the number of globin gene copies. The results are consistent with genetic evidence, and indicate that fewer than 20 globin genes are present in normal haploid human genomes. In addition, there is no detectable difference in the number of globin genes present in DNA from the cells of a patient with (3+ thalassemia.
METHODS
Preparation and Characterization of Human DNA. Human DNA was isolated from individual spleens of patients with and without thalassemia obtained when splenectomy was indicated for treatment of the patient. The spleens were collected within 1 hr after surgery, cut into small pieces, frozen immediately in liquid nitrogen, and stored at -70°. The spleens were ground to a coarse powder in a mortar cooled with dry ice, and the DNA was isolated by the following procedure modified from those reported (7, 8) : Frozen spleen powder (10-50 g) was suspended at 40 in 5% sucrose buffer containing 1 mM MgCl2 and 1 mM NaH2PO4 (pH 6.5). The cells were broken by 25 strokes in a tight-fitting Dounce homogenizer. The nuclei were separated by centrifugation at 800 X g for 10 min, washed once with the 5% sucrose solution, and taken up in 10-20 volumes of 10 (12) .
RESULTS
Characterization of cDNA and Cellular DNA. The extent of homology between the cDNA and its template was determined by the use of micrococcal nuclease (13) . The cDNA hybridizes completely to the globin mRNA and contains no noncomplementary "tails" (Fig. 1) . The hybrids formed are stable and exhibit a sharp melting curve when eluted from hydroxylapatite by increasing temperature (10) . The Te (temperature of the hybrids at the midpoint of the elutioti profile, analogous to the Tm measured in solution) is 90°. This value is the same as that found for rabbit globin mRNA -cDNA hybrids (14) and indicates a high fidelity of transcription of the RNA sequences into DNA.
The sizes of the sonicated cellular DNA and the cDNA probe were determined by sedimentation in alkaline sucrose gradients, with OX174 DNA (18 S) as reference. The cDNA sedimented at about 7 S, indicating a molecular weight of about 200,000. This value is identical to that obtained with rabbit cDNA. The cellular DNA gave a broader profile, somewhat larger in size. The average molecular weight was 280,000, or about 1.4 times larger than the cDNA.
Determination of the Number of Human Globin Genes. The number of genes coding for globin in man was determined by hybridizing in solution various amounts of globin cDNA to human cellular DNA. Under these conditions the cDNA competes for its genome complement with the other strand of cellular DNA. The rate and extent of the hybridization reaction will thus depend upon the ratio of cDNA to cellular DNA, as well as the rates of the two competing reactions. If we assume that these two rates are the same, the analysis becomes straightforward.
We designate the cDNA as (+) and those sequences complenentary to it as (-). The cellular DNA contains equal numbers of its own (+) and (-) globin sequences; therefore, by adding [3H]cDNA we create an excess of (+) strands over the complementary (-) strands. Hybridization can only proceed until the (-) strands are exhausted, and the reaction will terminate before all the cDNA has hybridized. The final extent of hybridization thus depends upon the initial ratio of cDNA t Background (4%) has been subtracted.
to cellular DNA. The percentage, P, of cDNA taken up into hybrids is equal to the fraction of total (+) strand hybridized, since the labeled and unlabeled material are assumed to behave the same. Since the amount of total (+) strand hybridized is equal to the amount of cellular (-) strand sequences, we may write: p (+) strand hybridized X 100 total (+) strand ng of (-) cellular globin DNA X 100 ng of (+) cellular globin DNA + ng of (+) cDNA Since the cellular (+) and (-) sequences are present in equal amounts and the quantity of cDNA is known, we can determine P and solve for the amount of globin sequences present in the cellular DNA used in the hybridization reaction (Table  1) .
We have performed hybridizations at three different ratios of cDNA to human spleen cellular DNA. The results obtained are shown in Fig. 2 and Table 1 (15) . An analysis of the results by the method described above indicates that there are fewer than 10 copies of the globin genes per haploid human genome ( Table 1 ). The percent hybridization at saturation is reproducible in duplicate experiments within 2-5%. The lack of hybridization of cDNA to cellular DNA at a Cot less than 10 indicates that the probe is free of contaminating ribosomal RNA complements and will not hybridize to repetitive DNA species. The Te of the hybrids formed between cellular DNA Proc. Nat. Acad. Sci. USA 71 (1974) and cDNA is 840, indicating that the vast majority of the DNA* cDNA hybrids are faithfully base-paired (Fig. 3 ).
This T, is identical with that of the renaturing cellular DNA (Fig. 3) . No significant hybridization was observed between the cDNA probe and Escherichia coli DNA. The extent of hybridization with calf thymus DNA was less than in the homologous system, as expected (Fig. 1) .
The progressive increase in copy numberas the ratio of cDNA to cellular DNA increases suggests that the assumption that the reannealing cDNA and cellular (+) globin DNA to (-) that y genes will crossreact since there are differences in 38 amino acids between ft and -y chains, but even a small region of homology is sufficient to detect the gene by hydroxylapatite chromatography. It is unknown whether the amino-acid homologies are faithfully reflected at the nucleotide level. We can only speculate on-the relative number of a, (3, y, 6 , and other genes represented in our studies. At one extreme, we would suggest that the minimum of three genes measured includes two a globin genes and one ft globin gene. These values agree with genetic studies of several types (17) . It is, however, possible that 6, 'y, and other globin genes are also being measured. The precise number of each of these genes is unknown in humans; however, at least two, and perhaps more, -y genes are present in haploid human genomes (18) . In addition, untrauiscribed globin genes may be present; for example, so-called minor, multiple 6 globin genes have been reported in apes (19) . The small number of globin genes present in the human genome are in agreement with the findings in studies of nonerythroid cells and erythroid cells at different stages of development in other species (20) .
These results suggest that the large amounts of globin mRNA present in erythroid cells are not due to a large number of globin genes, but rather to an increase in globin gene transcription.
In the erythroid cells of patients with (t thalassemia, there is a decreased amount of ( mRNA present, as determined by biologic activity assay in cell-free systems (21) (22) (23) and by molecular hybridization (16, 24) . The underlying gene defect responsible for reduced (3 globin mRNA synthesis may be due to (1) deletion of ( globin genes, (2) (3, 6 , and y mRNAs will be necessary to quanti- tate more precisely the number of each of the globin genes in the genomes of patients with and without thalassemia.
Studies of globin gene regulation would be greatly aided if globin genes containing operator sequences could be obtained in pure form. The specificity of hybridization of cDNA to cellular globin gene sequences is potentially of use in experiments whose aim is the isolation of human globin genes.
APPENDiX
Using a simplified method of calculating the number of globin genes, we found a progressive increase in the copy number as the ratio of cDNA to cellular DNA was increased. This result suggested that the rate of hybridization of cDNA with its cellular complement might not be the same as the rate of the reannealing of the two cellular globin DNA strands. We have, therefore, chosen to analyze our data by procedures that make no assumptions regarding the rates of the two competing reactions.
Straus and Bonner (25) have derived the equations necessary to describe the system under study. In particular, they show that k2 log (1-F) ki log Ro + log F where k2 is the rate constant for the hybridization of the cDNA with its complement; ki is the rate constant for the reannealing of complementary cellular globin DNA sequences; Ro is the ratio of the concentration of probe to that of its complementary cellular DNA sequences; and F is the final extent of hybridization expressed as a decimal fraction.
Those authors applied the equation to systems in which the DNA sequences were in moderate excess over an RNA probe. The derivation of the equations they used did not, however, make any assumptions concerning the relative amounts of the species present. They are thus generally applicable to the problem of reannealing a single-stranded probe to a doublestranded DNA. Fig. 4 shows computer-generated plots of F against Ro for values of Ro between 0 and 25. The curves are labeled with various values of the ratio k1/k2. It is clear that for reasonable k1/k2 the hydridization reaction gives little information for values of Ro greater than five, since the extent of annealing at saturation is small (less than 20%) and insensitive to Ro. One can verify that hybridization reactions are being done at Ro values that yield meaningful results by testing several ratios of probe to cellular DNA. If the saturation value is insensitive to changes in R0 and is less than 30%, the experiments must be done with a smaller ratio of probe to cellular DNA. In each of three hybridizations (Tables 1 and 2) , we have varied only the concentration of the cDNA; the coticentration of the cellular DNA, as well as the temperature, ionic strength, and viscosity, remained unchanged. Since the amount of the cDNA is insignificant compared to the cellular DNA, the reaction conditions were unaltered and, thus, the rate constants (but not the rates) for the two reactions are unchanged. By multiplying Ro by the appropriate constant, we may equate the right-hand side of Eq. [2 ] for two hybridization curves and solve for Ro and for the ratio k2/k1. We can thus determine the number of copies and the relative rates of the two competing reactions. We analyzed the three hybridizations in this manner and calculated the values of Ro andk2/k1 for each of the three possible pairs. As can be seen in Table 2 , the values of Ro and k2/kl obtained from the three pairs of of curves are in excellent agreement, taking into account a 5% range of error (= 5%) in the value of F. From the value of Ro obtained, we calculate that there are a total of 15 copies of the globin genes. The value for the ratio k2/kl is 0.341, suggesting that the rate constant for reannealing of the cellular DNA globin sequences is 2.9-fold more than that for hybridization between the cDNA to its cellular complement. From the difference in size between the cellular DNA and the cDNA, we would expect k1/k2 to be only 1.2. As noted by Straus and Bonner (25) (Fig. 5) .
There are several possible explanations for the observed greater rate of reannealing of the cellular globin sequences compared to the hybridization of the cDNA to its cellular complements. One explanation is that some cDNA initially forms weakly bound complexes with y and 6 globin sequences and is thus taken from the pool of free cDNA. Subsequent interaction between these weak complexes and the cellular DNA minus strands might then result in formation of the more stable cellular DNA duplex and the release of the cDNA. The net effect would be to reduce the rate of hybridization of the cDNA relative to renaturation of the cellular sequences.
The fact that the cellular DNA is randomly sheared and contains pieces with both globin and nonglobin sequences, while the cDNA contains only globin information, may also influence the rates. The magnitude of these effects cannot be determined without some knowledge of the types of sequences adjacent to the globin genes in the cellular DNA. If repetitive sequences are adjacent to the native globin DNA, the rate of hybridization of cellular DNA would be markedly increased. In addition, the cDNA may be more highly structured than the randomly broken cellular DNA and, thus would hybridize more slowly. Additional factors that may affect the reaction rates include: the possible thermal degradation of the nucleic acids during the long incubation period; the effect of increased viscosity of the reaction mixture with time since, as the ratio of cDNA to cellular DNA is increased, the hybridization of the cDNA reaches its plateau value at shorter times; and intrinsic rate differences between the various types of globin sequences present.
